Background. Because pneumococcal serotype 6C was previously not distinguished from serotype 6A, the impact of the 7-valent pneumococcal conjugate vaccine (PCV7) on the carriage of serotype 6C is unknown.
Streptococcus pneumoniae is a significant human pathogen responsible for several invasive pneumococcal disease (IPD) syndromes, such as sepsis, meningitis, and pneumonia, as well as more common infections, such as otitis media. Pneumococci are present in the nasopharynges of many healthy children without causing any clinical symptoms [1, 2] . Because pneumococci are only rarely found in animals [3] , the human nasopharynx is their dominant natural reservoir and is thus the source of pneumococci in children as well as adults. Consequently, the nasopharyngeal (NP) carriage of pneumococci in humans is central to their transmission.
To reduce the burden of pneumococcal infections in children, a 7-valent pneumococcal conjugate vaccine (PCV7) was licensed for clinical use in the United States in February 2000 [4] . PCV7 has significantly reduced the incidence of IPDs in young children as well as in older adults [5, 6] . It has also significantly reduced the frequency of pneumococcal carriage of vaccine serotypes (i.e., the serotypes included in the vaccine) in young children [1, 7] . This reduction in carriage of vaccine serotypes is thought to be responsible for the indirect protection of older adults through herd immunity [8, 9] . Because the conjugate vaccine provides serotypespecific protection, the reduction in IPD, the decrease in carriage, and herd immunity were restricted to vaccine serotypes as well as to some serotypes that are crossreactive with the vaccine serotypes. However, the prevalence of NP carriage of many nonvaccine serotypes has increased after the introduction of PCV7 [1, 9, 10] .
A new pneumococcal serotype, 6C, has recently been identified using monoclonal antibodies [11, 12] . The re-peating unit of the 6C polysaccharide (PS) is 32) glucose (133) glucose (133) rhamnose (133) ribitol (53phosphate [12] . In contrast, the 6A PS repeating unit is 32) galactose (133) glucose (133) rhamnose (133) ribitol (53phosphate, and the 6B PS repeating unit is 32) galactose (133) glucose (133) rhamnose (134) ribitol (53phosphate. Genetic studies have found that the galactosyl transferase gene at the capsule gene locus of the 6A serotype is replaced with a glucosyl transferase gene in the 6C serotype [13] .
Serologically, serotype 6C is very similar to serotype 6A but is distinct from serotype 6B. Consequently, the 6C serotype has previously been identified by the quellung reaction as the 6A serotype [11] . Postmarketing studies of IPD in children have identified a decline in invasive disease due to serotype 6A [6, 9] , suggesting that PCV7, which contains 6B PS, may provide crossprotection against 6A. However, no epidemiologic reports have specifically investigated changes in the prevalence of NP carriage of serotype 6C. If vaccination with PCV7 fails to elicit functional antibody against serotype 6C, it may selectively increase the prevalence of 6C, which was relatively uncommon before the introduction of PCV7 [11, 13] . To investigate this possibility, we examined the prevalence of NP carriage of 6C among 7 cohorts of children in Massachusetts over a 13-year period.
METHODS
Pneumococcal isolates. NP isolates of pneumococci were obtained from 7 cohorts of children in Massachusetts, all of which were enrolled in several separate studies of pneumococcal carriage as described below. Groups 1 and 7 were enrolled at Boston Medical Center, an urban hospital; groups 2 and 3 were recruited from Fall River and New Bedford, Massachusetts; subjects in groups 4 and 5 lived in 1 of 16 Massachusetts communities outside of metropolitan Boston; and those in group 6 were from 8 of these 16 communities.
Group 1 included children Ͻ7 years old recruited from primary or urgent care, hematology, or infectious diseases/HIV clinics at the Boston Medical Center between March 1994 and April 1996. The children were attending the clinics for either well-child visits or acute medical problems. Hematology clinic patients had hemoglobinopathies and were receiving penicillin prophylaxis. Infectious diseases/HIV clinic patients had HIV infection and were receiving trimethoprim-sulfamethoxazole prophylaxis. In total, S. pneumoniae was recovered from 224 (18%) of the 1261 NP cultures, which were performed for 823 pediatric patients. Only the first pneumococcal isolate from each child was included for this analysis.
Group [14] . Of the 1278 cultures, 89% were from wellchild visits and 11% were from visits during which acute otitis media was diagnosed; 145 children (53%) were culture positive for S. pneumoniae on at least 1 occasion [14] .
For group 4, NP specimens were obtained between March and May 2001 from 742 children Ͻ7 years old at 1 of 31 office practices in 16 Massachusetts communities. Twenty-seven percent of the children presented with acute respiratory tract illness (ARTI). S. pneumoniae was recovered from 190 (26%) of the 742 NP cultures (1 culture/child) [15] . For groups 1-5, NP samples were obtained using a swab (Calgiswab). The swabs were then immediately placed into serumtryptone-glucose-glycerol medium for transportation [16] . For groups 6 and 7, the Culturette system with Amies transport medium (Difco Laboratories) was used. All of the samples were transported to the Maxwell Finland Laboratory for Infectious Diseases once daily, where the swabs were streaked onto blood agar plates impregnated with gentamicin (5 g/mL) and incubated overnight at 37°C in a candle jar. ␣-Hemolytic colonies with the typical morphology of S. pneumoniae were selected and tested for their optochin sensitivity and bile solubility. The colonies that were optochin sensitive and bile soluble were defined as pneumococci. Each pneumococcal isolate was subcultured on blood agar and frozen at Ϫ70°C.
Serotyping. Pneumococcal isolates were initially serotyped at the Maxwell Finland Laboratory, using the quellung reaction and typing serum samples from the Staten Serum Institut. Onlyple serotypes was not specifically assessed, and only 1 colony was generally selected from each culture for serotyping.) When sequential cultures were collected from the same cohort, only pneumococcal isolates from the first positive culture were used for this study (table 1). All isolates serotyped as 6A by the quellung reaction were sent to the University of Alabama at Birmingham (UAB) for retyping. (All serotype 6C isolates were originally typed as 6A by the quellung reaction.) At UAB, the isolates were typed as 6A or 6C on the basis of their ability to bind to 2 different monoclonal antibodies (Hyp6AG1 and Hyp6AM3), as described elsewhere [12] .
Opsonophagocytosis assay. An adult serum pool was prepared by pooling serum from 4 adults who were immunized with PPV23. Two pools of serum samples obtained from 12 toddlers before and after immunization with PCV7 were provided by Wyeth Vaccines. The opsonic capacities of the serum samples were determined using the killing-type opsonization assay, which is currently accepted as the reference method [17] and has been described elsewhere in detail [18] . Differentiated HL-60 cells (ATCC) were used as phagocytes, and baby rabbit serum (Pel-Freez) was used as the complement source. Various pneumococcal isolates (five 6A, two 6B, and eight 6C isolates) were used as target bacteria for the assay. The target isolates included those used in the past [13] as well as three 6A and five 6C Massachusetts isolates obtained during this study. The lowest testable dilution of serum for this assay is 1:8.
Antibiotic sensitivity. Antimicrobial susceptibility was determined using the Etest from AB Biodisk [14] . Pneumococcal suspensions with 0.5 McFarland units were prepared in tryptic soy broth, and 100 L of the suspension was spread on a Mueller-Hinton agar plate with blood and the Etest strips. After overnight incubation, the clear zone was measured. The susceptibility cutoffs of the Clinical and Laboratory Standards Institute were used to classify organisms as susceptible, intermediately resistant, or resistant.
Statistical methods. Fisher's exact test was used to compare relevant proportions between the earlier and the more recent cohorts. These included the proportion of isolates typed as 6A by the quellung reaction and subsequently typed as 6C, the proportion of all pneumococcal isolates identified as 6C, and the proportion of isolates of each serotype susceptible to commonly used antibiotics. The calculation was performed using the following Web site: http:// www.quantitativeskills.com/sisa/statistics/fisher.htm.
RESULTS
Increased NP carriage of 6C and decreased NP carriage of 6A. Pneumococci were isolated from the NP cultures for the children enrolled in the studies described above between 1994 and 2007 (table 1). Groups 1 and 2 were from studies conducted before the licensure of PCV7, and groups 4 -7 were from studies after its introduction. Study groups yielded 119 -294 pneumococcal isolates, with most of the isolates serotyped using the classic quellung method (table 1). The ϳ10%-30% of the isolates that were identified as 6A by the quellung reaction were further tested using monoclonal antibodies to determine whether they were the 6A or 6C serotype.
The relative fractions of 6A and 6C isolates among those previously identified as 6A by the quellung reaction changed significantly after the introduction of PCV7 in Massachusetts. In the 2 studies performed before 2001, only 2 isolates (5.7%) among the 35 pneumococci originally identified as 6A were instead typed as serotype 6C by monoclonal antibody testing, with almost all (94%) being 6A. However, the 6C percentage among isolates originally identified as 6A increased to 22% ( During the 13 years over which the included studies were conducted, the prevalence of isolates identified as 6A by the quellung method remained relatively constant, accounting for 8.9%, 12.6%, 17.6%, 10.6%, 11.6%, and 13.1% for groups 1, 2, 4, 5, 6, and 7, respectively. However, when the monoclonal antibody method was used for typing, the prevalence of 6A among all pneumococcal isolates decreased, and the prevalence of 6C significantly increased. Before the introduction of PCV7, serotype 6A accounted for ϳ9.6% of all pneumococcal isolates (33/343 in groups 1 and 2). The prevalence of 6A changed little in groups 3 and 4 (i.e., years 2000 -2003) , but its prevalence decreased to 8.0% (18/ Sensitivity of 6C isolates to antibiotics. Because changes in serotype prevalence can be due to selective pressure from antimicrobial use, we evaluated the 48 isolates obtained in 2007 and originally classified by the quellung reaction as 6A for their susceptibility to 8 antibiotics (table 2) . The antibiotics included amoxicillin, penicillin G, ceftriaxone, clindamycin, erythromycin, levofloxacin, rifampin, and trimethoprim-sulfamethoxazole. As seen in table 2, 6C isolates were much more susceptible than 6A isolates to penicillin G (P Ͻ .001) and amoxicillin (P Ͻ .002); 6C and 6A isolates were comparable in their susceptibilities to other antibiotics.
Conjugate vaccine and opsonization of 6C strains.
To investigate whether pneumococcal vaccines can provide immune protection against serotype 6C, we determined the ability of immune serum to opsonize pneumococci by means of serum pools obtained from toddlers and adults who were immunized with PCV7 or PPV23, respectively (figure 1). The adult serum pool readily killed 50% of target strains expressing serotypes 6B or 6A at dilutions of 1:20,000 or 1:7500, respectively (figure 1A). In contrast, the serum pool killed only 8 strains expressing serotype 6C at lower dilutions (1:400 -1:1500) (figure 1A). Five 6C target strains ( black filled symbols in figure 1 ) were pneumococcal isolates obtained in Massachusetts during this study. This finding suggests that PPV23 would provide much less protection against serotype 6C than against serotypes 6A and 6B.
When the opsonic capacities were examined with preimmune serum samples from toddlers, the serum pool did not kill 50% even at the lowest serum dilution (1:8) against all 6A, 6B, and 6C isolates, except for one 6A and one 6C target strain (figure 1B), which demonstrated a very low titer (Ͻ1:20). When the post-PCV7 serum pool was examined ( figure 1C) , the pool killed 50% of 6B target bacteria at 1:500 -1:1060 dilutions and 50% of 6A target bacteria at 1:100 -1:660 dilutions. In contrast, the post-PCV7 pool did not kill even 50% of 5 target strains of serotype 6C even at the lowest dilution (1:8) and killed 50% of 3 6C target strains at a very low dilution (1:10 -1:30). Thus, PCV7 failed to elicit opsonophagocytic activity against most 6C strains, suggesting that it provides little immune protection against 6C.
DISCUSSION
Several studies have shown that NP carriage of the 19A serotype has greatly increased (e.g., from ϳ3.5% in 2000 to 19% in 2004 [19] ) since the introduction of PCV7 [15, 19] . Our study shows NOTE. Cutoff values (mg/L) were as follows for sensitivity and resistance, respectively: amoxicillin, 0.5 and 2; penicillin, 0.06 and 2.0; ceftriaxone, 0.5 and 2.0; clindamycin, 0.5 and 4; erythromycin, 0.25 and 1; levofloxacin, 2 and 8; rifampin, 1 and 4; and trimethoprimsulfamethoxazole, 0.5 and 4. I, intermediately resistant; R, resistant; S, susceptible. a Fisher's exact test was used to compare the fractions of 6A and 6C isolates that were susceptible to each antibiotic.
that the absolute prevalence of 6C among all pneumococcal isolates from the nasopharynx has also increased-from 0.6% before 2001 to 8.7% in 2007. Just as PCV7 provides little immunoprotection against the 19A serotype [20, 21] , it also provides relatively little immune protection against 6C isolates compared with 6A isolates. However, serotype 19A isolates appear to have become antibiotic resistant before the introduction of PCV7 [22] . Consequently, the antibiotic resistance of 19A, not the poor immunoprotection of PCV7, may have been responsible for the increase of 19A isolates in the nasopharynx [23] . In the case of the 6C serotype, 6C isolates are generally more susceptible to antimicrobials than 6A isolates. Thus, the recent increase in the prevalence of 6C can be best explained by the serotypeselective immunoprotection caused by PCV7. Moreover, the susceptibility of 6C to antibiotics may have delayed its increase in prevalence compared with the 19A serotype.
NP colonization is the well-known initial event in the pathogenesis of IPD. Despite our findings showing a marked increase in the carriage of 6C serotype among children, the prevalence of IPD due to 6C among children appears to be low. The Centers for Disease Control and Prevention Active Bacterial Core surveillance (ABCs) studies [6, 24] have already demonstrated a major decline in IPD due to serotype 6A (as typed by the quellung reaction) in infants and toddlers [6, 8, 9, 25] . Perhaps the small degree of 6C-specific immunoprotection provided by PCV7 is sufficient to protect children against IPDs but is insufficient to reduce NP carriage. Alternatively, serotype 6C may be less virulent than serotype 6A in children. However, these proposals should be considered only as testable hypotheses, because the data on carriage are only from children in Massachusetts, whereas the data on IPD are from the nationwide ABCs network.
During the 13-year period of our study, NP carriage of serotype 6C has replaced 6A carriage without much change in the overall prevalence of 6A isolates as identified by the quellung reaction. Because the pneumococci colonizing the nasopharynges of children are a well-known source of pathogens resulting in adult infections, the balanced replacement of NP 6A with 6C predicts no herd immunity against 6A isolates as identified by the quellung reaction. Indeed, PCV7 did not appear to provide herd immunity against serotype 6A disease (as identified by the quellung reaction) among older adults [8, 9] . Our study of the ABCs data set demonstrates an increased number of IPD cases caused by 6C in adults since 2000, which is approximately equal to the decreased number of 6A IPD cases in adults [25] . In future surveys, 6A and 6C serotypes must be distinguished.
Several limitations of our study should be taken into consideration. First, it is a retrospective analysis of 7 previously conducted studies. The children in the various study groups differ in several features that may alter their risk for carriage of S. pneumoniae. In addition, the study groups were composed of both asymptomatic children and those with ARTI in different proportions, with ARTI known to be related to the risk of colonization. Some of the cohorts included children through age 7 years, but others (groups 2 and 3) were limited to children Ͻ3 years old. Although each of these variables may alter the risk for pneumococcal carriage, we are unaware that any of these demographic features would select for specific serotypes. Second, our study was performed in a single geographic region, which may not be representative of the country for a number of reasons, including the high penetration of PCV7 immunization in Massachusetts. These limitations should be transparent when our data are considered. Additional confirmation of these observations is needed to prove that the prevalence of serotype 6C has increased and that selective pressure from PCV7 is an important cause of these changes.
The prevalence of serotype 6C appears to vary among regions [11, 26] , and it is possible that this variation may affect the findings of studies of cross-protection afforded by pneumococcal vaccines. Indeed, there are contrasting reports on crossprotection by pneumococcal conjugate vaccines against 6A isolates as identified by the quellung reaction [27, 28] . Furthermore, a serogroup may harbor new, as-yet unrecognized serotypes with different cross-reactivities and uneven geographic distributions. For instance, there is evidence for another new serotype within serogroup 11 [29] . Thus, when a pneumococcal vaccine is studied for its ability to induce protection against cross-reactive serotypes, it is necessary to consider its impact not only on the cross-reactive serotypes that are already known but also on those that have not yet been identified but that may nonetheless exist in the study population. Future surveillance of pneumococcal vaccines may reveal additional serotypes that were previously unrecognized.
